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ABSTRACT 
 
When biomass of the thermophilic bacteria 
Geobacillus thermoglucosidasius is brought into 
contact with a hydrogel containing sodium acetate 
and strontium, the biomass petrifies and hardens, 
becoming a mineralized thin film after incubation at 
60˚C for 72 h. Analysis by energy dispersive X-ray 
and X-ray diffraction shows that the mineralized 
thin film is strontianite. This is the first report                 
of biomass completely changing to strontianite. 
Strontianite of thermophilic bacterial origin may              
be formed in the hydrothermal oligotrophic 
environment of the deep subsurface.  
                                                                                                          
Keywords: Geobacillus; Thermophilic bacterium; 
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1. INTRODUCTION 
 
 Strontianite was first discovered in 1787, in 
the heavy, white stone produced by the town of 
Strontian in Argyll, Scotland, United Kingdom [1]. 
Sir Humphry Davy subsequently discovered the 
element strontium in this mineral in 1808 [2]. 
Strontianite is actually a rare carbonate mineral, and 
along with celestine, it is one of the few minerals 
containing strontium.  
 To date, we have made various contributions 
toward clarification of the mechanisms of bacterial 
calcite formation and the industrial applications of 
calcite [3, 4]. The major contributions have been the 
discovery that thermophilic bacteria catalyze the 
formation of calcite monocrystals at 60ºC, and the 
discovery of a definite, reproducible method for 
forming calcite crystals with a matrix of hydrogels 
containing a lower fatty acid salt and calcium. This 
is a new method, whereby thermophilic bacteria 
biomass is brought into contact with a hydrogel, 
causing it to form crystals. Results to date have 
shown that if fresh Geobacillus thermoglucosidasius 
biomass is placed on agar gel containing carbo-
xylates of up to 4C and calcium ions, and is 
incubated at 60ºC, numerous calcite monocrystals of 
major axis length in the region of 100 µm form 
within the biomass. G. thermoglucosidasius does not 
catalyze crystal formation if the calcium is replaced 
by beryllium or magnesium, which are members of 
the same family. In the present paper, we present a 
new phenomenon whereby the whole biomass of  
the thermophile G. thermoglucosidasius is petrified 
if its biomass is placed on agar gel containing 
strontium, a member of the same family as calcium, 
and we conjecture that the mineral is strontianite, 
which is rare in the natural world.  
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2. MATERIALS AND METHODS 
 
2.1. Preparation and observation of mineralized 
thin film 
  
 In order to obtain fresh biomass, G. thermo-
glucosidasius was seeded onto soytone-casein digest 
(SCD) agar culture medium and cultivated for 18 h 
at 60ºC. Fresh G. thermoglucosidasius biomass  
(wet weight, 10-20 mg) was scraped off with a loop 
and applied to the surface of agar gel containing            
7 mM strontium chloride and 25 mM sodium  
acetate (crystal forming gel) so that it formed a 
circle approx. 1 cm in diameter (Fig. 1). This was 
incubated for 72 h at 60ºC. Changes in the biomass 
applied to the crystal forming gel were observed 
using a SZX-ILLK100 stereoscopic microscope 
(Olympus Corporation, Tokyo, Japan). Mono-
crystals were observed using a scanning electron 
microscope in accordance with the customary 
protocols [4]. 
 
 
 
 
Figure 1. Method for converting Geobacillus thermoglucosidasius biomass into mineralized thin film. The method is 
simply to apply 10–20 mg of cells of G. thermoglucosidasius cultured on SCD medium to the surface of agar gel in a circle 
1 cm across, and maintain them at 60ºC for 72 h. The biomass petrifies, becoming a mineralized thin film. 
 
 
2.2. Energy dispersive X-ray elemental analysis 
of mineralized thin film  
 
 The elemental composition of the minerali-
zed thin film was investigated using an energy 
dispersive X-ray (EDX) analysis device (EMAX-
5770; Horiba, Ltd.). Analyses were carried out at an 
accelerating voltage (tube voltage) of 20.0 kV and           
a probe current of 0.26 nA. Strontium carbonate 
(Wako Pure Chemical Industries, Ltd.) was used as 
the reference spectrum.  
 
2.3. Powder X-ray diffraction analysis of 
mineralized thin film 
 
 Powder X-ray diffraction analysis of mine-
ralized thin film was carried out using a PW3050/65 
powder X-ray diffractometer (PANalytical) fitted 
with a copper rotary anticathode, a graphite-
monochromator, a scintillation counter, and a rotary 
sample stage. Analyses were carried out according 
to the Bragg-Brentano method, at an output voltage 
of 45 kV and 40 mA, with a divergence slit of 0.87º 
and a receiving slit of 0.1 mm. Scanning regions of 
the diffraction angle (2θ) were 10º-90º at a step 
interval of 0.025º, and the scanning rate was 
4.0º/min. The mineralized thin film was ground   
into powder in a microtube and was placed on a 
sample stage. The reference spectrum was obtained 
from strontium carbonate (Wako Pure Chemical 
Industries, Ltd.). The waveform of the thin 
mineralized film spectrum was compared to the 
International Centre for Diffraction Data (ICDD) 
database for identification.  
 
2.4. Energy dispersive X-ray elemental analysis 
of mineral crystals prepared on gel containing 
mixed calcium and strontium 
 
 G.thermoglucosidasius was seeded onto 
soytone-casein digest (SCD) agar culture medium 
and cultivated for 18 h at 60ºC. Fresh G. thermo-
glucosidasius biomass (wet weight 10-20 mg) was 
scraped off with a loop and applied to the surface          
of agar gel containing strontium chloride, calcium 
chloride, and 25 mM sodium acetate (crystal for-
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ming gel) so that it formed a circle approx. 1 cm in 
diameter. Concentrations of calcium and strontium 
in the agar gel were combined as follows; with 
calcium concentrations of 0, 1, 2, 3, 4, 5, 6, and                  
7 mM, the respective strontium concentrations were 
7, 6, 5, 4, 3, 2, 1, and 0 mM. The culture was 
incubated for 72 h at 60ºC. The mineral that formed 
was prepared according to conventional protocols 
[3], and energy dispersive X-ray (EDX) elemental 
analysis was performed.  
 
2.5. Inductively coupled plasma (ICP) atomic 
emission spectroscopy 
 
 Samples of 5-10 g of the mineral crystals         
that had formed on crystal forming gel containing 
strontium and calcium in different proportions was 
completely dissolved in 1N hydrochloric acid and 
made up to a final volume of 25 ml with pure water. 
The elemental composition of each of these solu-
tions was analyzed by inductively coupled plasma 
atomic emission spectroscopy using an ICPS-8100 
emission spectrometer (Shimadzu Corporation).  
 
3. RESULTS AND DISCUSSION 
 
3.1. Preparation and observation of mineralized 
thin film 
 
 The biomass applied to the crystal forming 
gel was a G. thermoglucosidasius colony, and 
immediately following application to the gel, it had 
a fresh luster (Fig. 2A). After incubation for 7 h at 
60ºC, many well shaped globular monocrystals        
20-50 µm in size had appeared in the biomass          
(Fig. 3). The number of monocrystals in the biomass 
increased with time, and they began to form clusters 
that adhered to one another. After 72 h, the biomass 
on top of the crystal forming gel was covered by 
mineral crystals, so that the biomass in its entirety 
was petrified with its shape intact (Fig. 2B). The 
petrified biomass was strong and could easily be 
pulled off the surface of the crystal forming gel     
(Fig. 2C). A magnified image shows that the 
petrified bacteria are a thin film formed of globu-  
lar monocrystals massed together (Fig. 2D). The 
thickness of the thin film is 20-50 µm. All lumps              
of biomass appear to have been replaced by                
hard, inorganic mineral.  
 
Figure 2. Petrification of Geobacillus thermoglucosi-
dasius biomass on solidified agar containing 25 mM 
sodium acetate, and 7 mM strontium chloride. G. thermo-
glucosidasius biomass was placed onto the agar surface 
(A). After incubation at 60˚C for 72 h, biomass 
transformed to mineralized thin film (B). Mineralized thin 
film could be isolated from the agar surface (C). 
Magnified observation indicated that the mineralized thin 
film consisted of numerous spherical crystals (D). 
 
 
 
Figure 3. Scanning electron microscope observation of 
monocrystals of strontianite formed in the biomass of G. 
thermoglucosidasius. 
 
 
 The mineralized thin film was incubated           
for 48 h at 100ºC to dry it completely, and when           
it was then burned with a Bunsen burner, the         
weight decreased to 84.8% of its previous weight. 
From this, it appears that 15.2% by weight of the 
mineralized thin film comprises organic or volatile 
material. We conjecture that G. thermoglucosidasius 
cells or spores are embedded within the mineralized 
thin film.  
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3.2. Energy dispersive X-ray elemental analysis 
of the mineralized thin film 
 
 EDX analysis shows that the spectrum 
obtained from the mineralized thin film closely 
resembles the spectrum obtained from pure stron-
tium carbonate (Fig. 4). The analysis showed that            
if the ratio of strontium atoms in strontium carbo-
nate is taken as 100, this ratio in the mineralized  
thin film is 94 and the film contains 6% (atm%) 
calcium atoms. If the oxygen and carbon are 
excluded, the elemental composition is strontium 
with a very small quantity of calcium. Strontium  
and calcium belong to the same family, so they 
exhibit very similar behavior as elements. As the 
crystal forming gel did not contain calcium, the 
calcium contained in the mineralized thin film 
probably came from calcium that was already 
present in the thermophilic bacteria.  
 
 
 
Figure 4. Energy Dispersion X-ray (EDX) spectrum of 
referenced purified strontium carbonate and mineralized 
thin film. The pie charts show the elemental composition 
proportions with carbon and oxygen excluded. Strontium 
accounts for 100% of strontium carbonate, but the 
mineralized thin film is composed of 94% strontium and 
6% calcium. 
 
 
3.3. Powder X-ray diffraction analysis of the 
mineralized thin film 
 
 The mineralized thin film was powdered and 
analyzed by powder X-ray diffraction, the results 
showing that the spectrum of the mineralized thin 
film was similar to that of pure strontium carbonate 
(Fig. 5). When the waveform of the spectrum was 
checked against the ICDD database, the thin film 
was identified as strontianite.  
 
 
 
Figure 5. Powder X-ray diffraction patterns of referenced 
purified strontium carbonate and mineralized thin film.  
 
 
3.4. Energy dispersive X-ray elemental analysis 
of mineral crystals prepared on gel containing 
mixed calcium and strontium 
 
 In order to investigate the elemental 
composition of the mineral that formed on mixed 
calcium and strontium gels, EDX analysis was 
performed on mineral that formed on gels containing 
different proportions of strontium chloride and 
sodium chloride (Fig. 6). A strontianite thin film 
containing 6% calcium formed on crystal forming 
gel containing only 7 mM strontium. When the gel 
contained mixed calcium and strontium, there was 
no thin film formation, and instead, a grain-shaped 
mineral formed. As the proportion of calcium in the 
gel increased gradually, the proportion of calcium in 
the mineral also increased. When the concentration 
in the gel was 3 mM calcium and 4 mM strontium, 
the ratio of calcium atoms to strontium atoms in                
the mineral was roughly 3:4. Similarly, when the 
concentration in the gel was 6 mM calcium and               
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1 mM strontium, the ratio of calcium atoms to 
strontium atoms in the mineral was roughly 6:1. 
Thus, the ratio of strontium to calcium in the 
mineral roughly agreed with the ratio of the two 
elements in the crystal forming gel. However, in the 
gel containing only 7 mM calcium, magnesium 
calcite containing 6% magnesium formed. This 
mineral has previously been shown to be magnesium 
calcite by XRD analysis [3]. 
 
 
 
Figure 6. Elemental ratio in mineralized thin film and 
biominerals formed in G. thermoglucosidasius biomass 
on agar gel containing different Ca2+/Sr2+ ratio. 
 
 
3.5. Elemental analysis of mineral crystals by 
inductively coupled plasma (ICP) 
 
 Elemental composition analysis by EDX is 
able to show the elemental composition of the 
surface of a material, but is unable to reveal the 
elemental composition inside the material. We 
therefore, used ICP to analyze the elemental 
composition of the mineral that formed on crystal 
forming gel containing strontium and calcium in 
different proportions. With gel containing 7 mM 
calcium and 6 mM strontium, the ratio of calcium 
atoms to strontium atoms in the mineral was roughly 
7:6. Similarly, with gel containing 7 mM calcium 
and 10 mM strontium, the ratio of calcium atoms to 
strontium atoms in the mineral was roughly 7:10. 
Thus, as with EDX analysis, ICP elemental analysis 
showed that the ratio of calcium and strontium in  
the mineral roughly agreed with the ratio of the          
two elements in the crystal forming gel. These 
experimental results show that a shift from 
strontianite to calcite can occur readily. The ease 
with which strontium and calcium are incorporated 
into the carbonate mineral is reflected in the 
concentration ratios. By following the present 
method for forming crystals, intermediate carbonate 
minerals between strontianite and calcite can easily 
be formed.  
 Carbonate minerals containing strontium and 
calcium in various different ratios can be found in 
nature [5, 6]. Strontium is a soft, silvery-white metal 
present in the Earth’s crust at a mean concentra-   
tion of about 370 ppm (0.037%) [7]. In the deep 
subsurface there is great geothermal heat, and it can 
easily be assumed that the temperature reaches       
60ºC at just a few kilometers underground [8, 9]. 
Wellsbury et al. [10] subjected organic matter from 
marine sediments to thermal decomposition at about 
10-60ºC, and they showed that this matter changed 
to acetic acid. Gold [11, 12] argues the existence of 
a biosphere in the deep subsurface of the Earth. 
Acetogenic bacteria discovered in the deep sub-
surface are known to produce acetic acid through 
anaerobic respiration [13, 14]. In addition, thermo-
philic acetogenic bacteria that live at 60ºC have  
been isolated [15, 16]. It therefore, seems clear that 
lower fatty acids, such as acetic acid, are present          
in the deep subsurface of the Earth [17, 18]. If          
G. thermoglucosidasius (biofilm) at 60ºC in the 
deep subsurface were to encounter acetic acid made 
by acetogenic bacteria and thermophilic acetogenic 
bacteria, and also strontium ions in groundwater, it 
would surely catalyze the formation of strontianite 
[19]. The elaboration of these exocellular strontia-
nite formations enables the organism in biofilm                
to regulate its strontium content. The role of 
exocellular biomineralization may be concerned 
with processes of ion regulation and detoxification 
of heavy metal. The strontianite produced within  
the Earth [20] may therefore include strontianite            
of thermophilic bacterial origin.  
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